ABSTRACT: New phase diagrams for the dynamic structure of clay-laden open-channel flows are proposed. These diagrams can be used to distinguish between turbulent Newtonian, transitional, and laminar non-Newtonian flow behavior, on the basis of the balance between turbulent forces (approximated by the horizontal components of flow velocity and turbulence intensity) and cohesive forces (approximated by the suspended clay concentration and rheology). Stability regimes for five different flow types are defined using a comprehensive series of laboratory flume experiments at depth-averaged flow velocities ranging from 0.13 m s 21 to 1.47 m s -1 , and at volumetric kaolinite clay concentrations ranging from 0.03% (= 0.8 g L -1 ) to 16.7% (= 434 g L -1
INTRODUCTION
It has been known since the pioneering work of Bagnold (1954) that the turbulence structure of flow can be altered if the volumetric concentration of suspended sediment is sufficiently large. In particular, the process of turbulence suppression in high-concentration flows with non-Newtonian, (pseudo-)plastic rheology has been widely adopted by the sedimentological community. Examples of flows in which turbulence has been assumed to be weakened, or suppressed entirely, are subaqueous mudflows and high-density turbidity currents in lakes and seas (e.g., Middleton 1967; Lowe 1982; Mohrig et al. 1999; Lowe and Guy 2000) , hyperconcentrated flows and subaerial mudflows in rivers (e.g., Wan and Wang 1994; Coussot 1995 Coussot , 1997 Coussot and Meunier 1996) , lahars in volcanic environments (e.g., Pierson and Scott 1985; Best 1992; Major et al. 1996; Lavigne and Thouret 2000) and mobile fluid muds in estuarine and shelf environments (e.g., Traykovski et al. 2000; Winterwerp and Van Kesteren 2004) . Many of these types of flow are catastrophic in nature, and their deposits constitute an important part of the geological record, thus providing key reasons for gaining a better understanding of their internal structure and driving mechanisms. However, such studies are rare, even in the laboratory, mainly because of technical problems of data acquisition in opaque, high-concentration flows. Therefore, most present knowledge of these flows is based on conceptual models that lack quantitative support. These models assume a rapid attenuation of turbulence intensity as the concentration of sediment particles increases (e.g., Mulder and Alexander 2001; Winterwerp and Van Kesteren 2004) . However, this assumption has been challenged for flows laden with cohesive clay particles, as shown by experimental work using montmorillonite clay (Wang and Larsen 1994; Wang and Plate 1996; Wang et al. 1998) , and by more recent laboratory flume experiments with kaolinite clay Best 2002, 2008) . Wang and Plate (1996) introduced the term ''transitional flow'' for flows with a transient turbulent behavior. These transitional flows are characterized by strong turbulence in a region near the bed and weak, or a total lack of, turbulence in a laminar layer immediately above the bed and in the upper layer within the outer flow region. Baas and Best (2002) investigated the dynamic structure of kaolin-laden, unidirectional flows moving over a fixed, smooth bed at a depth-averaged velocity of , 0.33 m s 21 . They found that the turbulence structure of the clay flows was modulated in a distinctive, previously largely unknown, manner at a volumetric sediment concentration between , 2% and , 4%. The flows within this concentration range resembled the transitional flows of Wang and Plate (1996) . Transitional flows of relatively low density were characterized by strong enhancement of near-bed turbulence, inferred to result from the development of a highly turbulent internal shear layer that separated a lower zone of high vertical gradient in downstream velocity from an upper zone in which that gradient was strongly reduced. Turbulence intensities in the upper zone were found to be reduced compared to equivalent turbulent flows of low density, and Baas and Best (2002) speculated that this reduction was due to the formation of cohesive electrostatic bonds between clay particles that prevented the upward dispersion of turbulent eddies. Relatively high-density transitional flows were described as plug flows, in which a rigid fluid mass lacking turbulence moves over a shear layer with reduced turbulence intensity (Baas and Best 2002) . Wang and Plate (1996) and Baas and Best (2002) suggested that it becomes increasingly difficult to break up the cohesive bonds between particles as clay concentration increases within a transitional plug flow, until a pervasive network of permanently interlinked clay particles is formed, all turbulent energy is dissipated by the high effective viscosity, and the flow becomes laminar.
It is evident from the work of Wang and Plate (1996) and Baas and Best (2002) that the dynamic structure of transitional clay flows is more complex than the existing conceptual models portray. Furthermore, the concentrations at which the transitional flows were stable are wideranging and well within the reach of many natural clay flows. It should be emphasized, however, that the present knowledge of transitional flow behavior is based on a severely limited set of flow conditions, and that a wider range of flow conditions is required to fully justify the essential step to identifying transitional flow behavior and its signature in sedimentary deposits under natural conditions. It may be expected that the boundary conditions for transitional flow are controlled predominantly by applied stress, bed roughness (induced by grains and bedforms), flow viscosity, and yield strength (related to, for example, clay type and the admixture of noncohesive silt and sand; see Li and Gust 2000) . The main objective of the present study was to determine how the dynamic structure of transitional flows is affected by changes in flow velocity, thus expanding the work of Baas and Best (2002) . This was achieved by investigating the changing turbulence structure of kaolinite flows in a comprehensive set of laboratory experiments. Depth-averaged volumetric clay concentration and flow velocity ranged from 0.03% to 16.7% and from 0.13 m s -1 to 1.47 m s -1 , respectively, thus simulating a large number of possible flow conditions in natural clay flows.
The specific objectives of the experiments were: (1) to verify if the turbulence enhancement and plug-flow development typical of the transitional flows of Baas and Best (2002) occurs over a wider range of flow velocities; (2) to determine how the threshold clay concentrations for possible transitional flow behavior change with changing flow velocity; and (3) to construct flow phase diagrams that can be used to delineate the stability regimes of turbulent, transitional, and laminar clay flows. Several examples are given of how these phase diagrams can be applied to the analysis of natural clay-laden currents.
METHODOLOGY
The laboratory methods used in the present study were similar to those of Baas and Best (2002) , but with several notable modifications. Mixtures of pure kaolinite (median particle size: 0.009 mm) and fresh water were circulated through a hydraulic flume by means of a variable-discharge slurry pump with a non-destructive centrifugal screw mechanism (Fig. 1) . The flume was 8.75 m long and 0.3 m wide. At the upstream end of the flume, each flow moved underneath a wooden board set flush with the water surface, through a turbulence-damping grid and then through a horizontal stack of pipes, in order to straighten flow at the inlet. Downstream of the pipe stack, the flows moved over a flat, smooth, acrylic plastic floor. The section in which most data were collected was located , 5.9 m from the flume inlet.
One hundred and eighty-two experiments were conducted to examine the dynamics of turbulent, transitional, and laminar flows at different combinations of downstream velocity and suspended clay concentration (Table 1) . Each flow was steady and uniform, with a constant depth of between 0.13 m and 0.16 m. The instantaneous component of horizontal flow velocity was measured using 2 MHz and 4 MHz ultrasonic Doppler velocity profilers (UDVP; see Takeda 1991; Best et al. 2001 for details) with a diameter of 8 mm. UDVPs quantify flow velocity by determining the Doppler shift in ultrasound frequency as small particles pass through a measurement volume, and are particularly well suited for measuring velocities in opaque suspensions. Each UDVP acquired simultaneous velocity data along a profile of up to 128 points along the axis of the ultrasound beam, which in the present experiments extended up to 0.105 m from the probe head. No velocities were recorded in the proximal 0.012 m, where the stagnation of flow by the UDVP was found to be unacceptably large. The 4 MHz UDVPs were used at velocities up to , 0.8 m s 21 , whereas the 2 MHz probes were better suited for higher velocities.
In flows moving at up to , 0.7 m s
21
, a vertical array of four multiplexed UDVPs was used to measure the horizontal component of flow velocity, u, at closely spaced dimensionless heights (z/h, where z is the height above the base and h is the flow depth). At higher flow velocities, the probe array was found to impede flow through the measurement section, and a single UDVP was employed to solve this problem. Between measurements, the UDVP frame was shifted vertically in order to obtain velocity data at 16 different heights (between z 5 0.005 m and z 5 0.117 m) in the low-velocity flows and at least 9 different heights (between z 5 0.005 m and z 5 0.125 m) in the high-velocity flows. The multiplexed UDVPs collected velocity data for durations of 109-165 s at a temporal resolution of 8-11 Hz. The corresponding limits for the single probe data were 51-121 s and 83-195 Hz, respectively (Table 1) . The temporal mean flow velocity, U, and its standard deviation, RMS(u') (RMS is the root-mean-square and u' is a fluctuation in horizontal velocity, equal to u{U) were calculated from the time series of instantaneous velocity data at each measurement height from:
where n is the number of velocity measurements. A dimensionless measure for turbulence intensity was defined as follows:
For turbulent and part of the transitional flows, depth-averaged flow velocity, U, was computed using a curve-fitting procedure based on the logarithmic law-of-the-wall (e.g., Van Rijn 1990) :
where u * is the shear velocity, k is the von Kármán constant (k5 0.4) and z 0 is the reference height at which U~0. Equation 3 cannot be used for clay flows with strongly modulated turbulence, because the velocity profile of these flows deviates from a logarithmic curve (Fig. 2) . Instead, U values for laminar and several transitional flows were calculated using the Coles wake function (Coles 1956; Wang and Plate 1996; Wang et al. 2001) :
where U max is the maximum value of temporal mean velocity and W is the wake strength coefficient. The von Kármán constant is assumed to be independent of clay concentration in Equation 4. In the present study, depth-averaged velocity ranged from 0.13 m s 21 to 1.47 m s 21 (Table 1) . At the end of each experiment, a vertical rack of five siphon tubes (internal diameter: 0.006 m) was used to collect suspension samples for measuring volumetric sediment concentration, c, through standard weighing and drying. Vertical concentration profiles show that suspended sediment was distributed uniformly through the water column (Fig. 3) , except for depositional flows at low flow velocity and high clay concentration (e.g., run 1-7), as discussed below. Depth-averaged concentration, C, (Table 1) calculated from the arithmetic mean of the concentration measurements, ranged from 0.03% to 16.7%. Following Wan (1982) , the dynamic viscosity, g, of the kaolinite suspensions was approximated from the measured suspended-sediment concentrations as follows: g~0:001z0:206 C 100 1:68 ð5Þ
PROFILES OF VELOCITY AND TURBULENCE INTENSITY

Results
Vertical profiles of downstream velocity (U), root-mean-square of downstream velocity (RMS(u'); Equation 1) and dimensionless turbulence intensity (RMS(u') 0 ; Equation 2) reveal systematic changes in the dynamics of fluid flow as suspended clay concentration increases. With very few exceptions, described below, the order of these changes was independent of velocity, with flow velocity merely controlling the clay concentration at which each change takes place. Figures 4 to 7 show characteristic vertical profiles of U, RMS(u') and RMS(u') 0 for different narrow velocity ranges and for sets of clay concentration that represent the variety of flows in each velocity range. Figure 4 depicts profiles of velocity and turbulence intensity for flows with a low depth-averaged velocity (U~0:129{0:172 m s {1 ) and a progressive increase in concentration from 0.04% to 5.33% (Table 1) . The profiles for the flow carrying 0.04% kaolinite are characteristic of a turbulent, wall-bounded shear flow (e.g., Nezu and Nakagawa 1993) , and exhibit a logarithmic increase in velocity and a logarithmic decrease in dimensionless turbulence intensity with increasing height above the bed. At C 5 0.34% and C 5 0.74%, the velocity profile retained its logarithmic shape, as supported by statistical goodness-of-fit calculations, yet velocities progressively diminish, particularly close to the base of the flow (e.g., at z/h 5 0.03 in Figure 4A ). This change closely resembles the evolution from turbulent to transitional flow behavior sensu Baas and Best (2002) . The decreasing near-bed velocity is accompanied by a progressive increase in RMS(u') and RMS(u') 0 , again in agreement with previous laboratory results (Wang and Plate 1996; Baas and Best 2002) . If it is assumed that the dilute flow with C 5 0.04% is dynamically similar to a clay-free flow, turbulence enhancement should start between C 5 0.04 and C 5 0.34% for the range in flow velocity shown in Figure 4 . The trends of decreasing near-bed flow velocity and increasing turbulence intensity persist until at C 5 2.32% the near-bed downstream velocity is close to zero, and consequently RMS(u') 0 reaches a high maximum value (Fig. 4C) . Upon further addition of kaolinite, part of the clay begins to settle out of suspension, thus burying the UDVP at z/h < 0.03 within the typical flow duration of , 20 minutes. Clay also settled in flows moving at , 0.3 m s
21
, but deposition appeared to be lacking within the duration of the experiments at velocities greater than , 0.4 m s 21 . Another distinctive change in flow structure is the gradual development of a plug flow, as implied by the progressive expansion of a zone of low velocity gradient and low turbulence intensity from the top of the flow downward, until velocity and turbulence intensity are almost invariant with depth within the upper 80% of the 5.33% clay flow. At this clay concentration, RMS(u') directly above the deposit is less than in any other flow in the selected velocity range. Nonetheless, RMS(u') is only half of the mean downstream velocity, thus suggesting that the flow remained weakly turbulent below the plug-flow region. The flow carrying 3.18% kaolinite is unique in the sense that maximum RMS(u') occurs at z/h 5 0.09 instead of at the base of the flow ( Fig. 4B ; see also figure 2C of Baas and Best 2002) . the flows evolved in a manner similar to those of lower velocity, described above. This includes the progressive deceleration of near-bed velocity, the initial enhancement of near-bed turbulence, and the subsequent development of a plug-flow region moving over a thin layer of fluid with attenuated RMS(u') at C . 7.43% (e.g., run 3-22 in Fig. 5 ). At these higher velocities, the boundaries between the different flow phases are seen to shift to higher clay concentrations. It is remarkable that turbulence enhancement commences at concentrations as low as , 0.26%, and that the flows carrying 5.45% and 7.43% are significantly more turbulent than flows of lower concentration, both near the bed and across the rest of the flow depth (Fig. 5B, C) .
Figures 6 and 7 illustrate the changing velocity structure within highc o n c e n t r a t i o n c l a y f l o w s w i t h U~0:879{0:940 m s {1 a n d U~1:245{1:433 m s {1 , respectively. In these flows, the different stages of plug-flow development are particularly well defined. In Figure 6B and 6C, for example, the base of the plug is positioned at z/h < 0.7 in the 11.53% clay flow, and expands to z/h < 0.6 at C 5 12.46% and then to z/h < 0.4 at C 5 13.09%. The plug finally reaches down to z/h < 0.2 in the The numbering of runs is based on 10 narrow velocity ranges, sorted from low to high velocity (numbers before hyphen), and 27 ranges in clay concentration, sorted from low to high concentration (numbers after hyphen). This numbering system facilitates comparison of flows with similar depth-averaged flow velocity and flows with similar suspended clay concentration.
T 5 mean fluid temperature; C 5 depth-averaged volumetric concentration; g 5 dynamic viscosity; h 5 flow depth; z p 5 height of base of plug flow region; f(UDVP) 5 (range of) UDVP transducer frequency; U 5 depth-averaged velocity; U max 5 maximum velocity in vertical profile; TURBULENT, TRANSITIONAL, AND LAMINAR SUSPENSION FLOWSflow carrying 15.34% kaolinite. These concentration-induced changes in dynamic flow structure in the high-velocity flows largely mirror those found in the lower-velocity flows described above, although with two notable exceptions. First, turbulent flows lacking near-bed flow deceleration and turbulence enhancement span an increasingly wider range of concentrations in flows with Uw0:5 m s {1 , whereas these changes in near-bed flow structure start consistently below C < 0.75% at Uv0:5 m s {1 . In fast moving flows (Uw0:9 m s {1 ), turbulence modulation does not begin before the clay concentration reaches 5%. Second, at all flow velocities greater than , 0.8 m s 21 , the shift in maximum RMS(u') away from the bed persists after the plug is fully developed. At Uv0:8 m s {1 , however, maximum RMS(u') shifts back to the base of the flow well before the plug reaches its maximum thickness.
Definition of Flow Phases
The experimental data presented herein reveal that the dynamic properties of clay-laden flows moving over a flat boundary are strongly dependent on clay concentration, with the changes in dynamic structure being predictable and largely independent of flow velocity. Five different flow phases can be defined within the studied range of clay concentrations. These phases are, in order of increasing clay concentration: (1) turbulent flow; (2) turbulence-enhanced transitional flow; (3) lower transitional plug flow; (4) upper transitional plug flow; and (5) quasilaminar plug flow. Each flow phase holds unique properties. The turbulent flow is characterized by logarithmic profiles of downstream velocity that obey the law of the wall for clay-free flows. In this phase, RMS(u') 0 decreases gradually as height above the bed increases. In the turbulence-enhanced transitional flow, velocity decreases and turbulence intensity increases with increasing clay concentration across the entire flow depth, while retaining the logarithmic relationship with flow height. This is in contrast to the lower transitional plug flow, in which the velocity profile is described best by the Coles wake function (Equation 4), because of the combined effect of decreasing near-bed velocity, increasing near-bed turbulence, decreasing turbulence in the outer flow, and initial plug-flow development. The boundary between lower and upper transitional plug flow is defined at the clay concentration where maximum values of near-bed RMS(u') 0 are attained. As clay concentration increases within the upper transitional plug flow, the plug-flow region gradually grows to its maximum thickness, near-bed velocity continues to decrease, and turbulence intensity rapidly decreases. Initially, maximum RMS(u') is present at the lowest measurement height, i.e., at z/h < 0.03. Thereafter, maximum RMS(u') moves away from the bed to z/h < 0.1. Lastly, the quasi-laminar plug flow is characterized by a laminar plug flow region moving on a thin shear layer. The shear layer has a steep velocity gradient and usually possesses some residual turbulence. The highest RMS(u') values are present at the top of the shear layer in the high-velocity quasi-laminar plug flow, whereas in the low-velocity equivalents the location of maximum RMS(u') shifts to lower heights.
The fact that nearly all flows go through the same development stages, regardless of their velocity, renders it possible to define standard profiles for velocity and turbulence intensity using simple dimensionless parameters. In each flow phase, the velocity and turbulence data collapse well using relative temporal mean velocity, U U max and dimensionless turbulence intensity, RMS(u') 0 , plotted against dimensionless height, z/h (Fig. 8) . Figure 8 shows the mean, standard deviation, and range of U U max and RMS(u') 0 versus z/h, as well as best-fit equations, for turbulent flow (Fig. 8A) , turbulence-enhanced transitional flow (Fig. 8B ), lower and upper transitional plug flow (Fig. 8C, D) , and quasi-laminar plug flow (Fig. 8E) . U U max and RMS(u') 0 for all turbulent flows collapse onto single logarithmic curves with high coefficients of determination (R 2 values in Fig. 8A ), with the regression line for turbulent flows also being shown for comparison in Figure 8B -E. Since the transitional flow types are subject to progressive change in flow properties, albeit in a similar dimensionless way for each velocity, each best-fit equation should be regarded as the average for the transitional flow phase for which it was computed. This explains the typically wide range of velocity and turbulence data in Figure 8 , particularly near the base of the transitional flow curves.
Interpretation of Changing Flow Dynamics
Many clays suspended in water, including kaolinite, have cohesive properties, because molecular-scale, electrostatic forces cause the particles to attract each other (e.g., Van Olphen 1977) . The degree of cohesion is dependent on the distribution of electrical charges at the particle surface, the distance between the particles, and the fluid medium (e.g., fresh or saline water). The surface charge in turn is governed by chemical composition, and hence by the type of clay. Two clay particles may collide and form a larger particle, or floc, when the distance between the particles is sufficiently small (Krone 1963; Kranenburg 1994; Merckelbach and Kranenburg 2004; Winterwerp and Van Kesteren 2004) . Flocculation continues, and flocs grow in size, until the number of particles becomes so small that the probability of particles colliding with each other becomes negligible. Floc size tends to increase with increasing bulk suspended clay concentration until the ''gelling'' point is reached, which is characterized by formation of a pervasive, volume-filling network of particle bonds in the liquid. The particle bonds within gels can make a flow viscous and be strong enough to cause the total suppression of turbulence in flowing clay suspensions. Alternatively, the bonds between clay particles in flocs and gels can be broken if turbulence within the flow is sufficiently strong (e.g., Winterwerp and Van Kesteren 2004) , in a process called de-flocculation. There is thus a close interaction between turbulent and cohesive forces that controls the dynamic structure of clay flows. Because turbulence may be generated by shear at flow boundaries (e.g., the near-bed boundary layer) and within the flow (e.g., free shear layers), it is essential to determine how the interplay between turbulent and cohesive forces affects Figure 15A . different regions within a flow. In the present experiments, cohesive forces were controlled merely by clay concentration, because only one clay type (kaolinite) was used. Flocculation and gelling may thus be expected to dominate at heights where turbulence intensities are low and clay concentration is high, therefore resulting in a more laminar flow behavior. Conversely, flocculation and gelling should be reduced or absent in areas of strong turbulence and low clay concentration, where a more turbulent flow behavior may be expected to prevail. At locations in which both turbulence and cohesion contribute significantly to the flow dynamics, this force balance will dictate if, and how, turbulence modulates flow rheology and vice versa. Flows that are transitional in behavior between Newtonian turbulent and non-Newtonian laminar may form under such conditions.
It is evident from the UDVP data in the present smooth, flat-bed, boundary-layer flows that turbulence is generated near the bed in the turbulent flows, with turbulence intensity gradually decreasing away from the boundary (Fig. 9A) . This bed-generated turbulence continues to be important as clay concentration increases through the transitional flow phases. Even in the quasi-laminar flows, the weak, yet distinct, velocity fluctuations captured in the RMS(u') data (Fig. 9E) suggest that some residual turbulence is generated at the bed.
RMS(u') 0 in the turbulence-enhanced transitional flows is on average 17% higher than in the turbulent flows (Fig. 8B) . The origin of this large increase must lie in the higher clay concentration in the turbulenceenhanced turbulent flows, since concentration is the only variable that distinguishes these two flow phases. It is known that the physical presence of suspended sediment can cause modifications in dynamic flow structure via either damping or enhancing turbulence at low and high ratios of particle diameter to turbulence length scale, respectively (Gore and Crowe 1989; Elgobashi 1994; Best et al. 1997 ). Elgobashi (1994) investigated turbulence modulation as a function of sediment concentration and the ratio between particle response time, t p (i.e., the ratio between settling velocity and reduced gravity) and the turnover time of a turbulent eddy, t e (i.e., the ratio between eddy length and RMS fluid velocity). Above a lower threshold concentration, particles are thought to dissipate turbulent energy if t p /t e , 1, but produce additional turbulent energy by wake shedding and inertial effects if t p /t e . 1. Moreover, Best (1998) showed how grain rotation may enhance turbulence production around grains at low particle Reynolds numbers. However, according to the model of Elgobashi (1994) , above an upper threshold concentration particle interactions become dominant and turbulence is suppressed (cf. Bagnold 1954) . Elgobashi (1994) based the boundaries between these regimes on data from gas flows, but the general principles of the model may also apply to water flows. Settling velocity is part of the numerator of particle response time, and hence small particles have a shorter response time than larger particles. Consequently, between the above threshold concentrations in many aqueous flows, sand and gravel grains will generate turbulence enhancement, whereas clay and silt particles should favor turbulence attenuation. Neither sand nor gravel was present in the turbulence-enhanced transitional clay flows, so wake shedding and grain rotation can be ruled out as mechanisms responsible for the high turbulence intensities measured. An alternative mechanism for turbulence enhancement, through the development of a near-bed internal shear layer, is described below. Figure 9C and 9D show schematically how the near-bed flow structure and the plug-flow region evolve as a function of clay concentration in the lower and upper transitional plug flows. Initially, the vertical gradient of turbulence intensity increases dramatically, with very strong turbulence near the bed and development of a relatively thin plug flow almost devoid of turbulence near the top of the flow. It is inferred that turbulence induced by shear at the bed is strong enough to withstand gelling of the clay suspension near the base of the flow. However, near the top of the flow the effect of bed shear is minimal (where the velocity gradient is smallest), and cohesive forces outbalance turbulent forces, because the high clay concentration prevents near-bed turbulent fluid from reaching this height. This thus results in gelling and formation of the plug flow. Within the remainder of the flow, no pervasive network of particle bonds exists, and turbulence is damped, but not fully suppressed. Maximum near-bed dimensionless turbulence intensity is reached at the boundary between the lower and upper transitional plug flow phases, where RMS(u') typically is , 65% higher than in the turbulent flows. Within the upper transitional plug flows, cohesive forces become increasingly dominant over turbulent forces, which is expressed by decreasing RMS(u') in the entire flow and downward expansion of the plug-flow region. Moreover, the level of maximum RMS(u') moves away from the bed. Baas and Best (2002) production through the presence of an internal shear layer that separates a near-bed region with steep velocity gradient from the plug-flow region with a lower velocity gradient. Kelvin-Helmholtz instabilities were proposed as the principal source of turbulence within the shear layer. Wang and Plate (1996) showed that the height of maximum turbulence intensity within transitional flows gradually moves away from the bed with increasing clay concentration as a result of expansion of what they termed a laminar sublayer. In low-density and high-density flows, Wang and Plate (1996) found the region of maximum turbulence at z , 0.5 mm (z/h , 0.05) and z 5 8 mm (z/h 5 0.2), respectively, which is of the same order of magnitude as in the present study (Figs. 4-7) . However, the vertical resolution in the present study is insufficient to establish a similar relationship between concentration and the height of maximum turbulence. The level of maximum turbulence intensity (and thus the internal shear layer) in the lower transitional plug flows may well have been located closer to the bed than in the upper transitional plug flows. It can also be speculated that the increased turbulence production in the turbulence-enhanced transitional flows may be caused by an internal shear layer well below the lowermost UDVP probe, instead of by wake shedding behind clay flocs (see above). Upward dispersion of the stronger turbulent eddies from this shear layer may then explain the increased turbulence in the middle and upper regions of the turbulence-enhanced transitional flows. Such reduction of the near-wall velocity gradient and growth of a viscous sublayer was also found in drag-reducing flows containing kaolinite by Best and Leeder (1993) and Li and Gust (2000) . Furthermore, Best and Leeder (1993) recorded an increase in the height of the turbulence maximum above the bed with thickening of the viscous sublayer, and this finds parallels in the trends found in the present experiments.
Under conditions of quasi-laminar plug flow, the yield stress within most of the flow is high enough to prevent any turbulence from breaking up the electrostatic bonds between clay particles, except perhaps near the bed where the gel is occasionally broken up by minor bed-generated turbulence. This results in a thick rigid plug moving over a thin shear layer that is predominantly laminar but occasionally becomes weakly turbulent (Fig. 9E) . 
EXPRESSION OF FLOW PHASES IN VELOCITY TIME SERIES
Each clay flow phase comprises unique time series of the horizontal component of flow velocity, with progressive changes in the character of these time series being a function of both clay concentration and height above the bed. Representative examples of these time series for each flow phase are provided below.
In the turbulent flows, the time series of downstream velocity are characterized by quasi-random velocity fluctuations at time-scales ranging from several tenths of a second to several seconds (Fig. 10A) . The amplitude of the velocity fluctuations decreases with increasing height above the bed, but there are no obvious changes in their frequency distribution. The time series of the turbulence-enhanced transitional flows are largely similar to those of the turbulent flows, although there is some organization of sub-second-scale velocity fluctuations superimposed on the rising and falling limbs of second-scale fluctuations (e.g., at z/h 5 0.03 in Fig. 10B ).
With the development of the incipient plug flow in the lower transitional plug flows (Fig. 11) , the amplitude of velocity fluctuations near the top of the flow becomes small (typically only 4% of the mean downstream velocity), with periodicities almost exclusively at a subsecond scale. The amplitude of velocity fluctuations near the bed continues to rise, thus explaining the high RMS(u') and RMS(u') 0 values at that location. Most remarkable, however, is the development of a FIG. 9.-Schematic models for the five different clay flow types defined in this paper. The graphs to the left of the models denote characteristic velocity time series at various heights in the flows. The graphs to the right of the models represent characteristic vertical profiles of dimensionless downstream velocity (U U max ), root-mean-square of downstream velocity (RMS(u9)) and dimensionless turbulence intensity (RMS(u9) 0 ). regular pattern of asymmetrical ''saw-tooth''-shaped velocity fluctuations (cf. Baas and Best 2002) , which consist of a phase of rapid flow acceleration followed by a longer phase of flow deceleration, with a periodicity of up to 10 s (Fig. 11) . The saw-tooth patterns are most evident in the upper part of the lower transitional plug flows, where largeamplitude, high-frequency velocity fluctuations, which partly obscure the longer-term trends in the lower part of that flow phase, are rare. Thus, sub-second-scale velocity fluctuations are gradually suppressed as concentration increases within the lower transitional plug flows, while second-scale fluctuations persist (cf. Wang and Plate 1996) . Figure 12 shows the evolution of selected near-bed velocity time series (z/h < 0.03) as a function of concentration in supercritical flows (Fr . 1) with U&1:4{1:5 m s {1 . The partial obscuration of the saw-tooth patterns is confirmed by the time series of the flow with 14.45% kaolinite. At progressively higher clay concentrations, the frequency and amplitude of the asymmetrical velocity fluctuations gradually decreases, until rare, weak fluctuations punctuate a pattern of nearly constant velocity at C 5 16.67%. Baas and Best (2002) proposed that the nearbed, asymmetric, saw-tooth-shaped velocity fluctuations are caused by Kelvin-Helmholtz instabilities associated with an internal shear layer present within the lower part of transitional clay flows (Fig. 13) . In their model, velocity time series at z/h . 0.30 are characterized by short negative excursions in downstream velocity that interrupt a trend of more or less constant velocity. The spikes of low-downstreamvelocity fluid were shown to correlate with upward-directed components of vertical velocity. This led Baas and Best (2002) to conclude that packets of low-velocity fluid are periodically shed as KelvinHelmholtz instabilities off the top of the internal shear layer, and advected into the outer flow region, where they gradually dissipate. Similar low-velocity packets were found in the present study (e.g., at z/h 5 0.43 in Fig. 11A and z/h 5 0.21 in Fig. 11B ) and also support the earlier findings of Wang and Plate (1996) . The alternation of periods of low and high velocity at intermediate heights (e.g., at z/h 5 0.11 in Fig. 11A, B) also agrees with the model of transitional flow proposed by Baas and Best (2002) . Considering the wider range of flow conditions investigated herein, it can be concluded that an internal shear layer possessing Kelvin-Helmholtz instabilities is a universal feature of lower transitional plug flows. Flows with an internal shear layer in their lower region span the boundary between the lower and upper transitional plug flow (Fig. 12) . Across this boundary, the shear layer appears to move away from the bed, as the level of maximum RMS(u') shifts from z/h 5 0.03 to z/h < 0.06 in low-velocity runs (Uv0:8 m s {1 ) and to z/h < 0.10 in high-velocity runs (Uw0:8 m s {1 ). Figure 14A shows that long-period velocity fluctuations are present in the lower region of the upper transitional plug flows. The amplitude of these fluctuations increases slightly with height above the bed to z/h < 0.10. In the remainder of the flow, both the amplitude and periodicity of the fluctuations gradually decrease away from the bed until they disappear altogether when entering the plug region. No appreciable sub-second-scale velocity fluctuations are present in the time series of upper transitional plug flows, because the small eddies that cause the fluctuations are quickly attenuated by the viscous flow in this flow phase. In the quasi-laminar plug flows, even the longterm velocity fluctuations have disappeared and the downstream flow component is more or less constant due to the strong network of clay particles (Fig. 14B) .
FLOW PHASE DIAGRAMS
Dimensional Plot of Velocity Against Concentration
Depth-averaged flow velocity and clay concentration are the principal physical parameters that control the dynamics of clay flows in the present study. In general, the boundaries between the turbulent, transitional, and laminar flow phases move to higher clay concentrations as depthaveraged velocity increases. At these higher velocities, turbulence generated by boundary shear becomes greater and the flows are able to prevent flocculation and gelling. In order to allow predictions to be made of the internal dynamics of clay flows, the position of the phase boundaries has been plotted in phase diagrams that contain all the experimental data of depth-averaged flow velocity (derived from Equations 3 and 4) versus depth-averaged kaolinite concentration (Fig. 15 ). An additional boundary on the left hand side of Figure 15 separates depositional from nondepositional clay flows. Figure 15A clearly shows that transitional flows occupy the greater part of the phase diagram, and that most transitional clay flows in the range from , 0.2 m s 21 to , 0.8 m s 21 are turbulence-enhanced. In fact, below U~0:4 m s {1 ''classical'' turbulent flows are expected to occur only in flows with clay concentrations of much less than one percent (see Fig. 15B ). The turbulent flows are dominant above , 0.8 m s
21
, but even here transitional and laminar flows occupy a significant area of the phase diagram. The lower transitional plug flows are stable across a wider range of concentrations than the upper transitional plug flows. This effectively means that once a transitional plug flow has reached its maximum nearbed turbulence intensity, adding more clay quickly results in quasilaminar flow behavior, as exemplified for flows moving at 0.40-0.45 m s 21 and 0.94-1.05 m s 21 (Fig. 16 ). The depositional phase comprises flows that do not have sufficient strength to support the entire clay suspension load within the duration of the experiments. The high gradient of the line separating the depositional phase from nondepositional phases (Fig. 15 ) implies that flows with FIG. 11.-Characteristic time series of downstream velocity, u, at different dimensionless heights, z/h, in lower transitional plug flows. A) run 2-10, C 5 5.36%, B) run 4-17, C 5 10.69%, C) run 7-20, C 5 13.11%. Velocities in run 7-20 were recorded at a higher frequency than in Runs 2-10 and 4-17 (Table 1) . Short gaps in the time series of Run 4-17 correspond to short periods in which the UDVP was unable to record velocity data. Arrows denote short periods of low velocity, which are inferred to have shed off the top of Kelvin-Helmholtz instabilities in the near-bed shear layer of the lower transitional plug flows. t 5 time.
velocities higher than , 0.4 m s 21 are likely to be stable within the duration of the experiments, except perhaps at clay concentrations and flow durations that are well above the maximum values used in the present study. A progressive decrease in clay concentration due to deposition is accompanied by a change in internal flow structure until new equilibrium conditions are reached. Further experimental work is required to obtain a better understanding of the changing dynamics of such depositional clay flows with time-varying transient behavior. Figure 17 presents the experimental data collected in the present study in dimensionless form, using the Froude number, Fr, and the flow Reynolds number, Re, which represent momentum and cohesive terms, respectively. The Froude number is given by
Dimensionless Phase Diagram using Froude and Reynolds Numbers
where U is the depth-averaged flow velocity, h is the flow depth, and g is the acceleration due to gravity (Table 1 ). The Reynolds number was calculated from (Migniot 1968 (Migniot , 1989 :
where r is the flow density, g is the dynamic viscosity of the flow, and z p is the thickness of the flow region below the base of the plug flow. In Equation 7, z p is used instead of flow depth, because the largest length scales of turbulence within the transitional and laminar clay flows are limited by the distance between the lower flow boundary and the base of the plug-flow region. In other words, at a specific boundary shear and flow viscosity, the position of the base of the plug flow region is considered to be independent of the flow depth, because turbulent energy cannot extend to z . z p . In turbulent flows and turbulence-enhanced transitional flows, in which plug-flow regions are absent, the following length scale is used in Equation 7:
In Figure 17 , the phase boundaries for all flow types are given by a narrow range of Reynolds numbers, which suggests that the changing balance between turbulent and cohesive forces is captured well for the studied range of Froude numbers. The mean Reynolds number for the boundary between turbulent flow and turbulence-enhanced transitional flow is 55,000 (standard deviation: 20,000), while lower transitional plug flow falls between Re 5 12,000 (standard deviation: 3400) and 28,100 (standard deviation: 6100). The boundary between upper transitional plug flow and quasi-laminar flow is at Re 5 7000 (standard deviation: 2400). The variation in mean Reynolds number, given by the standard deviation, may be caused by uncertainties in the viscosity model used for the present experiments. The experimental data of Wang and Plate (1996;  for all flows deeper than 0.03 m) are used to plot a Fr-Re phase diagram for turbulent, transitional, and laminar montmorillonite clay flows in Figure 18 . Although Wang and Plate (1996) defined only one type of transitional flow and no turbulence-enhanced flow type, there is sufficient correspondence between the montmorillonite and kaolinite datasets to suggest that the Froude and Reynolds number criteria, as given in Equations 6 and 7, are suitable dimensionless parameters to collapse datasets based on clay types with different rheological properties. Specifically, the phase boundary between turbulent and transitional montmorillonite flow lies between Re 5 12,000 and Re 5 40,000, which corresponds reasonably well with the boundary between the turbulence-enhanced transitional flow and the lower transitional plug flow phases in kaolinite-laden flows (Re 5 28,100 6 6100). Moreover, the phase boundary between transitional and laminar montmorillonite flow is mimicked in the present kaolinite flows by the boundary between upper transitional plug flow and quasi-laminar plug flow (i.e., Re 5 7000 6 2400 for the kaolinite flows versus Re < 5500 for the montmorillonite flows). The distinct vertical separation of flow types for the montmorillonite clay at high Froude numbers (Fig. 18) substantiates the earlier conclusion that phase boundaries can be characterized by a single Reynolds number, or a narrow range of Re values, for all Froude numbers. In velocity-clay concentration space, such as Figure 15 , the phase boundaries for montmorillonite flows would be at lower concentrations than the phase boundaries for kaolinite flows moving at the same velocity, because montmorillonite has a higher yield strength than kaolinite at any given concentration. In other words, montmorillonite-laden flows experience turbulence modulation at even lower concentration than kaolinite-laden flows.
COMPARISON BETWEEN FLOWS IN THE LABORATORY AND IN NATURAL ENVIRONMENTS
The flow phase diagrams proposed herein are based on laboratory experiments conducted with shallow, steady, uniform, fresh-water flows transporting pure kaolinite clay, moving over a fixed, smooth, flat bed. This is an oversimplification of most natural clay-laden flows in three principal aspects. Firstly, kaolinite has weaker cohesive strength than most other clay minerals, such as illite and smectite, which are thus likely to show transitional flow behavior at lower concentrations. The salinity of water in marine basins also promotes cohesion by aiding flocculation (Li and Gust 2000) , therefore also lowering the concentration required for turbulence modulation. Secondly, the smooth, fixed beds used in the present experiments can be regarded as an analogue for erosion-resistant muddy surfaces formed by suspension settling. In contrast, increased turbulent mixing at loose boundaries with grain and bedform roughness may cause a shift in the phase boundaries shown in Figure 15A to higher concentrations (Wang et al. 1996) . Lastly, natural flows typically transport mixtures of cohesive, noncohesive, and organic material, but the effect that such mixtures have on the fluid dynamics is poorly known at present (Wang and Larsen 1994) . More experimental research is thus clearly required to permit accurate quantitative predictions of the dynamics of many natural clay-laden flows. However, from a qualitative point of view, valuable comparisons can be made, provided that these comparisons are conducted for flows with high ratios of clay to silt/sand. Baas and Best (2002) regarded as a minimum value for the lower boundary of turbulenceenhanced transitional flow, since most natural flows are deeper than 0.15 m, for which this Re value was determined.
The dominance of transitional flows at low flow velocities is important from two perspectives. First, the present experiments suggest that natural clay flows that move at # , 0.4 m s 21 may experience turbulence enhancement at clay concentrations that would previously have been considered to have no effect on the flow dynamics. Second, even if a turbulent clay-laden flow moves at a higher velocity (or a high Froude number), it eventually decelerates and has a high probability of passing through the transitional flow phases, where it is subjected to turbulence modulation. Since the settling rate of clay particles is low, even if the clay settles en masse, decelerating flows are prone to be oversaturated with clay, which further increases the likelihood of turbulence modulation. Turbulence enhancement in the near-bed flow region may be accompanied by increased bed erosion, and thus by increased sediment transport rates and changes in bedform properties (Baas and Best 2008) . Such increased bed erosion may result from the powerful, instantaneous velocity fluctuations produced in turbulence-enhanced transitional flows (Fig. 10B ) and lower transitional plug flows (Fig. 10B) , but also by a general increase in the mean bed shear stress, as calculated using energy slope, flow depth, and flow density, across the phase boundary between turbulent and turbulence-enhanced transitional flow (Table 1) . These processes may be recorded as pronounced scour surfaces within sedimentary deposits.
The key question that arises is what proportion of natural clay-laden flows can be expected to experience transitional flow behavior. The motive for this question is that the dynamics of transitional flows may just be a curiosity if most natural flows do not contain enough clay to exhibit turbulence enhancement or damping. Traykovski et al. (2000) described a fluid-mud layer on the continental shelf off the Eel River estuary in California, which was formed by a gravitationally forced, bottom-hugging density flow moving out of the estuary during a flood event. The fluid-mud layer was between 0.05 and 0.15 m thick, sediment concentration within the layer was at least 0.8% and possibly up to 3% by volume, and it moved at a velocity of , 0.3 m s 21 . These conditions are FIG. 14.-Characteristic time series of downstream velocity, u, at different dimensionless heights, z/h, in: A) upper transitional plug flows (run 6-20; C 5 13.09%) and B) quasi-laminar plug flows (run 6-24; C 5 15.34%). t 5 time.
likely within turbulence-enhanced transitional flow or lower transitional flow behavior (Figs. 17, 19) , with Reynolds numbers ranging from , 10,000 to , 40,000 (using the viscosity of kaolinite as a first-order approximation). Traykovski et al. (2000) recognized waves at the top of the lutocline, which were speculated to arise through either KelvinHelmholtz instability or parametric resonance at this interface of steep vertical density gradient. The instabilities in the mobile fluid mud may be similar to those inferred to exist at the internal shear layer within transitional plug flows (Fig. 13) . The fluid-mud layer of Traykovski et al. (2000) plots in an area of the phase diagram where near-bed turbulence enhancement is expected to occur (Figs. 17, 19) . If density currents, such as those recorded from the Eel River, do undergo turbulence enhancement, this may provide an additional mechanism to help maintain the flow momentum through erosion of bed sediment and subsequent increase in the density of the underflow, thus promoting autosuspension (cf. Parker et al. 1986 ).
Van Kessel and Kranenburg (1996) replicated mobile fluid muds in a sloping laboratory flume, using a series of kaolinite suspensions with concentrations between 2.2% and 14.6%, flow velocities between 0.12 m s 21 and 0.34 m s 21 (Fig. 19) , and flow depths between 0.025 m and 0.065 m. Experimental and numerical data analyses showed that the flows changed from turbulent to laminar with plug flow regions at C < 8.8%. This sediment concentration agrees well with the boundary between the transitional plug flow and quasi-laminar plug flow phases, where turbulence was fully suppressed, in the present study. According to their position in the phase diagram, most low-density flows documented by Van Kessel and Kranenburg (1996) estimated using mean flow velocity, initial flow density and total flow depth, are of the order of 6000 to 14,000. These Re values are somewhat lower than expected, because of the relatively small depths of the experimental flows of Van Kessel and Kranenburg (1996) . The highdensity kaolinite flows of Kessel and Kranenburg (1996) plot in the depositional region (Fig. 19) , but the short duration of the flows negates any significant effect of clay deposition on the dynamic flow structure. The base of the plug-flow region in one of these flows was present at z p 5 0.02 m (figure 3B of Van Kessel and Kranenburg 1996) . Using this height for all high-density flows in Equation 7 yields Reynolds numbers ranging from 400 to 600, and thus well within the laminar-flow phase space of Figure 17 .
Another kaolinite-laden density underflow was investigated by Felix et al. (2005) . This flow was characterized by a high initial velocity, an initial clay concentration of , 15.5%, and a nondepositional character, and it possessed internal waves, particularly in the lower regions of the flow. The flow history at the measurement height nearest to the bed (i.e., at z 5 23 mm) was characterized by a steady phase followed by a waning phase (Fig. 19) , with superimposed velocity fluctuations on a scale of , 5 s. The amplitude and frequency of these low-frequency fluctuations, the height at which they occurred and the scarcity of high-frequency fluctuations, closely resemble the velocity time series typical of the upper transitional plug flow in the present study. Felix et al. (2005) suggested that the velocity fluctuations were associated with internal waves generated at a shear layer above the level of maximum velocity. The present study suggests that they more likely may have been associated with a near-bed internal shear layer within an upper transitional plug flow, especially since the waves appear to become less pronounced closer to the velocity maximum at z 5 41 mm (figure 2 of Felix et al. 2005) . Felix et al. (2005) contended that the influence of bed shear did not extend as far upward as z 5 23 mm, although no near-bed data were presented to support this. Although the flow-history curve passes through the lower and upper transitional plug flow phases several times, it mostly resides within the quasi-laminar flow phase ( Fig. 19 ; Re 5 2000-10,000 with the height of the velocity maximum chosen as approximate length scale). This phasespace position appears in contrast with the transitional flow dynamics suggested by the velocity time series. However, the stability regimes for density flows may not coincide exactly with those of open-channel flows, because of differences in flow structure and turbulence generation, particularly at the upper flow boundary. For the density flow to be classified as an upper transitional plug flow, the boundary with quasilaminar flow has to shift to higher concentrations, effectively meaning that turbulent forces need to increase with respect to cohesive forces. This is a reasonable assumption, because turbulence near the top of density flows (generated as ''billows'' through Kelvin-Helmholtz instability) is stronger than near the free surface of hydrodynamically equivalent openchannel flows. Finally, it is worthwhile mentioning that the nondepositional nature of the flow studied by Felix et al. (2005) is predicted well by the path of the flow history curve in the phase diagram (Fig. 19) . Scarlatos and Wilder (1990) conducted lock-exchange experiments with subaqueous hyperconcentrated flows transporting kaolinite and natural mud. The natural mud was composed of organic matter (43%), silt (42%), and sand (15%). At initial concentrations of , 8% and , 16%, both Wang and Plate (1996) . Also shown are the phase boundaries between turbulent, transitional, and laminar flow types from the present study. sediments behaved in a similar manner (Fig. 19) , which inspires confidence that kaolinite is a reasonable analogue for natural finegrained, cohesive sediment. All flows were laminar in a layer 0.01-0.05 m thick above the bed, where the effect of shear at the upper boundary was negligible, and they were also depositional. This agrees well with their position in the flow phase diagram (Fig. 19 ) and with typical Reynolds numbers well within the quasi-laminar flow phase (100 , Re , 4000). Huang and García (1998) used kaolinite to investigate the runout distance of subaerial mudflows in a laboratory channel. From the changing spreading rate of a flow laden with 13.05% clay (Fig. 19) and the presence of an internal shear layer at z 5 0.02-0.04 m, it can be deduced that the flow was laminar along its entire flow path with 400 , Re , 3000. This is consistent with the assumption of Huang and García (1998) . Wan (1982) presented velocities and sediment concentrations of hyperconcentrated flows at the confluence of the Yellow River and the Wei River in China. The rivers were about 6 m deep and carried mud with a clay component dominated by illite. Typical flow velocities were between 1 m s 21 and 2 m s
21
, and concentrations decreased from , 20% near the river bed to , 2% near the water surface. Mean concentrations in the center of the rivers were 12.1% and 8.7% just downstream of the confluence (Fig. 19) . If the kaolinite flow phase diagram is used as guideline, these flow conditions suggest that the flows recorded by Wan (1982) were laminar near the bed, transitional at mid-depth, and turbulent near their top, However, since illite has a higher yield stress than kaolinite and the flows contained large amounts of noncohesive siltsize sediment as well, these complications inhibit further comparisons at present with the physical models for transitional flow proposed herein.
Lastly, it is worthy of note that Schieber et al. (2007) have recently reported on the production of clay floccules in low-velocity laboratory water flows transporting mud-and silt-grade sediment. These mud floccules were found to generate small mud ripples that were argued to be of great potential importance in the formations of mudrocks, although such ripples were formed only at low flow velocities. Under such lowvelocity, depositional conditions, with typical Froude and Reynolds numbers of, respectively, 0.3-0.4 and 10,000-20,000, the production of a reduced-velocity zone near the bed, such as that quantified in the transitional flows studied herein, may provide a region in which such floccules can form. This would thus provide an increased period of time for formation of such clay floccules under conditions in which the mean flow velocity of the upper flow may be too high to suggest that clay floccules and floccule ripples could exist. The formation and nature of transitional flows may therefore be critical in allowing the formation of larger clay particles, and in influencing the formation of many mudrocks.
CONCLUSIONS
The results of flume experiments with kaolinite-laden open-channel flows reveal predictable changes in the dynamic structure of flow with increasing suspended-sediment concentration. At flow velocities typical of many natural environments, flows pass through five phases as clay concentration increases: (1) turbulent flow; (2) turbulence-enhanced transitional flow; (3) lower transitional plug flow; (4) upper transitional plug flow; and (5) quasi-laminar plug flow. The dynamic structure of these flow types is controlled by turbulent forces, related to internal shear stresses and shear stress at the flow boundaries, and cohesive forces, associated with increased viscous stress when clay particles form turbulence-modulating gels. Turbulence is pervasive in the turbulent flows, with the amount of clay particles being insufficient to affect flow conditions. The turbulent clay flows thus behave in a manner identical to that of flows free of clay. Turbulence-enhanced transitional flows are strongly turbulent throughout the flow depth, with turbulence enhancement resulting from development of an internal shear layer close to the base of the flow. This phase may be similar to that envisaged in past studies of drag reduction caused by suspended clay, which has been shown to cause an increase in the thickness of the viscous sublayer. Cohesive forces start to influence the flow structure in lower transitional plug flows, where electrostatic bonding between clay particles initiates a plug-flow region without, or with a very low, vertical gradient in streamwise velocity and a lack of turbulence. This plug-flow region expands downwards as clay concentration increases. At the same time, turbulence intensity continues to increase near the base of the flows, where an internal shear layer produces additional turbulent energy. The turbulent flow structures produced within this shear layer dissipate quickly as they advect upwards into the outer flow. Viscous stresses become dominant in upper transitional plug flows, as evidenced by a general decrease in turbulence intensity and a further expansion of the plug flow. The internal shear layer persists, but it quickly loses its turbulent character with increasing clay concentration, eventually leading to formation of a pervasive gel in quasi-laminar plug flows. In this phase, shear ceases to produce sufficient turbulence to break up the bonds between clay particles, and a laminar plug flow riding on a thin layer with a high velocity gradient is generated. Slow flows in the transitional and quasi-laminar plug flows are depositional, because they are oversaturated with sediment.
Stability analysis of these clay flow phases reveals that many natural clay-laden flows should exhibit a transitional flow behavior, even if the fundamental, simplified nature of the laboratory experiments is taken into account. The different processes of turbulence modulation identified herein are expected to have major implications for the dynamics and distribution of clay-rich flows and their depositional products, with transitional flows probably occurring in a far wider range of aquatic environments than previously thought.
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